This paper studies the Rayleigh-Plateau instability for co-flowing immiscible aqueous polymer solutions in a microfluidic channel. Careful vibration-free experiments with controlled actuation of the flow allowed direct measurement of the growth rate of this instability. Experiments for the well-known aqueous two phase system (ATPS, or aqueous biphasic systems) of dextran and polyethylene glycol solutions exhibited a growth rate of 1 s
I. INTRODUCTION
This paper describes the remarkable features of breakup into droplets, and lack of this breakup, of phase-separating polymer solutions. Cylindrical jets of one fluid inside another fluid are unstable and break up into droplets, as one can easily verify at the kitchen sink by running a thin liquid jet from the faucet. This fluid instability was first described by Plateau and Rayleigh, [1] [2] [3] and there is a rich body of literature on the subject. 4 Particularly relevant for this work is the breakup at low Reynolds number 5 and the breakup of a jet that is confined by nearby walls. [6] [7] [8] [9] [10] The understanding that emerges from the detailed analysis of these different cases is the following: perturbations of wavelength longer than the circumference of the jet grow with time (or distance traveled by the jet). The growth rate typically has a maximum for a certain wavelength, and except for the purely viscous case, decays to zero as the wavelength goes to infinity. Linear stability analysis of a thread of radius r ¼ r 0 þ e xtþiðk=r 0 Þz yields, for all these situations of varying complexity, dispersion relations xs ¼ f ðkÞ that give the growth rate x as a function of the perturbation wavenumber k, normalized on a characteristic time s ¼ lr 0 =c for small Reynolds-number flows.
Many biologically relevant fluids are non-Newtonian. By and large, complex rheology does not markedly change the linear instability on the thread, but it becomes important as the time scale of the flow approaches the relaxation time in the fluid just before pinch-off of droplets. In other words, viscoelasticity of a thread increases the growth rate slightly 11 in the linear (small a) These authors contributed equally to this work.
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1932-1058/2012/6(2)/022007/11/$30.00 V C 2012 American Institute of Physics 6, 022007-1 BIOMICROFLUIDICS 6, 022007 (2012) perturbation) regime, while non-linear terms that dominate when the perturbation has become large, slow down the growth, even suppressing satellite droplet formation and, characteristically, resulting in the longtime survival of thin threads that connect large droplets, much like water droplets on the thread of a spider web. 4 More important is the fact that the threads under axial tension are stable. 12 Unrelaxed axial tension (hereafter: tension) strongly stabilizes a jet for as long as the tension is larger than the capillary pressure in the thread, but after the tension has relaxed the instability kicks in, such that the overall effect is a delay in the onset of instability, not a slow down of the growth.
Aqueous two-phase systems (ATPS) constitute an especially relevant class of fluids for biological microfluidic applications.
13,14 Beijerinck 15 showed over a century ago that solutions of starch and agar in water form two phases, and many other combinations of incompatible salt or polymer solutions have been found since. The discovery that many labile biomolecules prefer one aqueous phase over the other allows separation of such molecules without denaturation. 16, 17 Use of these fluids in droplet microfluidics, in spite of their promise in biochemically relevant separations, has lagged significantly behind the use of aqueous droplets of biological materials surrounded by simpler oils and organic solvents. 18, 19 One of the reasons is that controlled and reliable droplet formation has turned out to be difficult. Successful droplet formation in ATPS has, invariably, required external forcing, either mechanically as demonstrated recently by us 20, 21 and others 22 or by electrohydrodynamical actuation. 23, 24 In other words, relying on the spontaneous formation of monodisperse droplets that is observed in oil/water microfluidic applications fails for aqueous two phase systems. Rather, we and others have observed either threads that survived indefinitely inside the channel without ever breaking up or more erratic droplet formation far downstream. Both are undesired flow behavior for droplet microfluidics.
The aim of this work is to quantify the growth rate of ATPS threads and to determine why they can survive without breaking up. On the one hand, we seek to characterize the instability in order to produce better droplet streams. On the other hand, the instability is markedly different from previous studies, and the experiments will guide further theoretical work. We first discuss flow of an analogous Newtonian system and then replace the Newtonian fluids, stepwise, with the aqueous polymer solutions, which by-and-large confirms existing knowledge. We then describe flow focussing of the well-known ATPS of dextran and polyethylene glycol solutions, and we quantify the break-up rate, which is much smaller than that of the equivalent Newtonian case. This is remarkable, because all current theory predicts that the growth rate should be larger. We also find that much more vigorous forcing is required to enhance break-up, compared to the Newtonian case. Finally, we show that eventually gravity becomes important. Even at the tiny density differences of ATPS, the thread sinks, touches the walls, and becomes stable indefinitely.
II. EXPERIMENTAL A. Fluids used in the experiments
A dextran (dex) solution, 10% w/w (average molar mass 500 kg/mol, Aldrich) and a polyethylene glycol (PEG) solution, 7% w/w (average molar mass 10 kg/mol, Sigma) were prepared by dissolving the polymers in water using ultrasonication. Before injecting the solutions in the microfluidic devices, the solutions were filtered using filters having 0.45 lm pores. The interfacial tension of an ATPS is typically very low compared to the interfacial tension of an oil-water interface. For PEG and dextran, values typically range from several tens of lN=m for short polymers at low concentrations 25 to several hundreds of lN=m for long polymers at high concentrations. [26] [27] [28] For our system, the interfacial tension is c ¼ 0:3 mN=m at 25 C, and almost independent of temperature in the range between 4 C and 40 C. 26 The densities of the fluids were q PEG ¼ 1018 kg=m 3 and q DEX ¼ 1044 kg=m 3 . We characterized the rheological properties of the solutions 29 using a rheometer with Couette geometry (TA Instruments AR-G2) at a temperature of 26 C. The steady-state shear viscosities for the PEG and dextran solution were 4.4 mPas and 21.4 mPas, respectively, measured for shear rates in the range 1-100 s À1 as shown in Fig. 1(a) . The storage modulus G 0 ðxÞ and loss modulus G 00 ðxÞ are plotted in Fig. 1(b) for both solutions. From the crossover of G 0 ðxÞ and G 00 ðxÞ, we estimate relaxation times s r;dex % 0:03 s and s r;PEG % 0:3 s.
As Newtonian analogs of the dextran and PEG solutions, we used a water/glycerol mixture with a viscosity of 22 mPas and pure hexadecane, using Tween 20 and Span 80 as surfactants to bring the interfacial tension down to closely match the value of the interfacial tension of the ATPS. 30 The interfacial tension in such systems comprising a surfactant and a co-surfactant can be much lower compared to systems without a co-surfactant. Similar fluids and surfactants have previously been used by Guillot and co-workers [6] [7] [8] to study the Rayleigh-Plateau instability of a confined thread of water in oil. High surfactant concentrations ensure that the characteristic time of diffusion near the interface, t, is small compared to the time scale of the breakup process. Estimating the diffusional distance, l, from the ratio of the interfacial concentration, C, and the bulk concentration, c, we find t $ l 2 =D $ C 2 =Dc 2 . For Span 80, the diffusion coefficient, 31 D $ 10 À11 m 2 =s, the interfacial concentration, 32 C $ 10 À6 mol=m 2 , and the bulk concentration, c $ 10 mol=m 3 , such that the diffusion time is of the order of t $ 1 ms, which is much shorter than the time to breakup. This explains why dynamic effects that occur at dilute (c $ C=r 0 ) surfactant concentrations 33 do not play a significant role in the breakup dynamics.
B. Chip fabrication and operation
Fabrication of our microfluidic device was done using soft lithography. In brief, a 4-in. silicon wafer was patterned by exposing a layer of photo-resist (SU8-2050, Micro Resist Technology GmbH, Germany) to UV light through a high-resolution transparency mask containing the two-dimensional design of the microchannel network. This patterned wafer was subsequently used as a master to replicate the structure in poly(dimethylsiloxane) (PDMS). Our microfluidic devices were build up from two layers of PDMS that were prepared using a mixture of prepolymer and curing agent (Sylgard 184, Dow Corning) in a 10:1 ratio by weight. After curing the first 1 mm thin layer, a piezoelectric bending disc (0.5 in. diameter, Piezo Systems, Cambridge, MA) was placed on top of this layer and covered by a second thicker layer of PDMS. In this way, the piezo disc was embedded in the PDMS chip and separated from the fluid reservoir underneath it by an approximately 1 mm thin PDMS membrane, see Fig. 2 . After curing this second layer, the PDMS structure was removed from the master. In the ATPS experiments, channels were sealed by irreversibly bonding a glass slide to the PDMS structure using an oxygen plasma treatment (Harrick PDC-002). In the oil-water experiments, sealing was done against a glass slide precoated with a thin layer of PDMS. After bonding, these devices were baked overnight at 120 C to ensure hydrophobic recovery of PDMS. To study the interfacial dynamics under forcing, we actuated the piezo-electric bending disc by applying a sinusoidal voltage to the disc. As a result, the disc contracts and relaxes such that fluid is pushed out and pulled into the reservoir underneath the disc. The frequency of the forcing hence equals the frequency of the sinusoidal voltage. To verify that we can control the amplitude 
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Geschiere et al. Biomicrofluidics 6, 022007 (2012) of perturbations applied to the thread as well, we measured how the voltage applied to the disc translates into movement inside the main channel. To this end, we placed a bubble inside the main channel that has a height and width of 100 lm and tracked the motion of this bubble under actuation of the piezo disc. We found that the displacement of the bubble is proportional to the amplitude of the AC voltage applied to the disc. Slight differences were observed in the proportionality constant when using different devices, which can be attributed to differences in thickness of the membrane between disc and fluid reservoir. Modulation of the thread velocity causes the modulation of the thread radius, 34 thus allowing a precise analysis of growth rates from controlled perturbations, of known amplitude and frequency, instead of uncontrolled noisy perturbations.
To prevent any disturbances, other than the intentional ones through the piezo disc, special care was taken in the design of the setup. In particular, we were unable to dampen pulsations from syringe pumps. All experiments were performed on vibration-free optical tables, using gravity to feed the fluids from containers of adjustable height. As a result, the flow rates could not be set in an experiment and were only measured by video analysis after the experiments.
III. RESULTS AND DISCUSSION

A. Thread break-up of using immiscible Newtonian fluids
We first measure the growth of perturbations using two immiscible Newtonian fluids, which is well understood, before we discuss what happens in ATPS systems. In these experiments, care was taken to closely match conditions and fluid properties to the ATPS system. Figure  3 (a) shows an aqueous thread composed of a solution of glycerol and water, which is focused by a stream of hexadecane. This thread breaks up into droplets 2 mm downstream the focusing section, or, equivalently, after 0.44 s. Before comparing this breakup time to that observed in ATPS systems in Sec. III C, we first compare this value with the theoretical prediction of the growth rate in the Rayleigh-Plateau instability for confined threads in microchannels by Guillot et al. 6 For a thread of radius r 0 and viscosity g i flowing through a cylindrical channel of radius R and focused by a stream of viscosity g e , the rate x at which disturbances grow equals
FIG. 2. Top view sketch of the microfluidic device used to study the stability of fluid threads that form when coflowing the two immiscible streams. Both aqueous polymer solutions are injected through separate inlets and meet at a cross junction, after which they flow through a centimeters long channel. On top of the fluid reservoir that has been incorporated in the path between the inlet of the stream of dextran and the junction, a piezo-electric bending disc is positioned as shown in the side view in the bottom of the image. Applying a sinusoidal voltage with amplitude V and frequency f to the disc makes the disc periodically contract and relax, hereby pushing fluid in and out of the reservoir. In this way, the response of the jet to periodic perturbations was studied.
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Geschiere et al. Biomicrofluidics 6, 022007 (2012) In this equation, k is the dimensionless wavenumber of the perturbation, x is the dimensionless thread radius defined as x ¼ r 0 =R; k is the viscosity ratio defined as k ¼ g i =g e and the function Fðx; kÞ is equal to Fðx;
ÞlnxÞ. Substituting the values of the fluid properties (g i ¼ 22 mPas; g e ¼ 3:3 mPas; k ¼ g i =g e ¼ 6:6; c ¼ 0:2 mN=m), together with the values for the radii of the thread (r 0 ¼ 14 lm) and the channel (R ¼ 40 lm, x ¼ 0.35), the dispersion relation (Eq. (1)) predicts a maximum growth rate of xðk % 0:7Þ % 78 s À1 for the tread shown in Fig. 3(a) . Assuming that perturbations 0 at the entrance initially are of nanometer size and perturb the radius as r ¼ r 0 þ 0 e iðk=r 0 Þzþxt until 0 e xs ¼ r 0 , we predict the break up at t ¼ x À1 lnð13lm=1nmÞ ¼ 0:14 s, clearly of the same order of magnitude as the experimentally observed value of t ¼ 0.44 s.
We studied the stability of the thread for different dimensionless thread radii x by moving the feed container of the water/glycerol up and down. Thinner jets break up earlier and become even absolutely unstable (i.e., they immediately break up at the junction, as opposed to convectively unstable jets that are convected away while the perturbation grows), all in a good agreement with the analysis of confined Newtonian fluids.
The thread breakup in Fig. 3 (a) occurred without applying external forcing. Figure 3(b) shows what happened when we applied a voltage of 100 mV to the piezo-electric disc. The focussing thread moved visibly in an oscillatory manner with a small amplitude of several micrometers. Note that the voltage is much smaller than the maximum voltage of 180 V. Nevertheless, this small disturbance in the thread velocity was sufficient to reduce the breakup time to less than 0.1 s such that droplets released at the junction as shown in Fig. 3(b) .
Strong viscoelasticity can have a marked influence on droplet formation. We measured the effect of viscoelasticity of each of the ATPS working fluids in combination with a Newtonian fluid. We both measured a thread of the dextran solution coflowing with hexadecane (c ¼ 4 mN=m), and with a thread of hexadecane surrounded by a PEG solution (c ¼ 0:2 mN=m). When PEG was the outer solution, we observed a little change with respect to the fully 
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Geschiere et al. Biomicrofluidics 6, 022007 (2012) Newtonian case, and we observed direct droplet formation at the junction for small hexadecane flow rates. When a viscoelastic dextran thread was coflowing with hexadecane, we also observed break up directly at the junction, in agreement with recent reports that dripping at the junction is more prominent in viscoelastic flows. 35 Also, we did not observe delayed dripping or slow necking that is such a distinctive feature of tension in the forming thread. 36 The absence of these directly observable indicators of viscoelasticity leads us to conclude that for our ATPS fluids, the build up of tension in the thread is small relative to the capillary pressure.
B. Rayleigh-Plateau instability of the dextran-PEG system
We now consider an experiment with the two aqueous solutions of dextran and PEG, as depicted in Fig. 4 . A thread of dextran solution of radius r 0 ¼ 12 lm is focussed in a microchannel of cross section w Â h ¼ 100 lm Â 100 lm, in the coflowing PEG solution at a velocity U ¼ 5 mm/s. This is essentially the same experiment as the one we reported for water/glycerol and hexadecane in Fig. 3 : the same (steady-shear) viscosities, similar interfacial tension, similar flow rates, and the same channel geometry. The difference is striking: ATPS threads did not break up at a distance comparable to the 2 mm observed in the analogous Newtonian case. The thread in this experiment does break up, erratically, as can be seen from the rough droplets in the channel at the bottom of the micrograph in Fig. 4(a) , after about 40 mm. It hence takes roughly 20 times as long as the Newtonian equivalent.
We first rule out that the long delay of thread break-up is caused by sticking to the wall. When threads do stick to the wall, they are much more stable. 37 To verify whether the thread touches the walls, we imaged the cross section of the channel using a confocal microscope by stacking images taken at different focal planes. We hereby used derivatives of PEG-rhodamine-B and dex-fluorescein to both label the thread and the surrounding fluid and recorded their fluorescence simultaneously. For the thread shown in Fig. 4 , we found that it flows through the center of the channel and neither touches the top nor the bottom as evident from the inset. For the experiment described here, we rule out sticking of the thread to the wall as a stabilizing factor.
Another possible explanation for the enhanced stability would be the build up of elongational stresses during focussing of the thread. As we shall demonstrate below, the enhanced stability is not due to such stresses but is related to the lower growth rate of ATPS systems compared to oil/water systems.
C. Forced actuation of an ATPS thread
To better understand the observed stability for the ATPS threads, we study the evolution of the perturbations on the surface of the threads. Without applying any external forcing, the disturbances on the interface are not well defined leading to the break up of droplets of different sizes as shown in Fig. 4 . Applying a mechanical forcing to the thread such that the fastest growing wavenumber is excited leads to perturbations on the interface with a well defined shape and wavelength that allows the measurement of growth rates. Before we show measured values of growth rates, we first discuss the effect of mechanical forcing of the thread. 
022007-6
Geschiere et al. Biomicrofluidics 6, 022007 (2012) shows four frames during one period of a 100-fold more forceful actuation than that in Fig.  3(b) . Clearly, the liquid-liquid interface moves in and out of the junction over considerable length. Fig. 5(b) shows the evolution of the thread downstream of the junction. In the first image, it is clear that the thread buckles a bit, similar in appearance to the buckling observed in expanding channels, 38 and such an overdamped response is not uncommon for threads with strong flow-modulation. 34 In the first millimeter, the buckled thread straightens out and perturbations do not grow. We show now that this is due to tension in the thread. The tension directly at the junction can be estimated as the product of the extensional viscosity and the extension rate T ¼ g E;dex _ , where we estimate _ $ Uðw À rÞ=w 2 , based on the observation that the thread thins from w to r over a length of order w inside the junction. We were unable to measure the extensional viscosity, which may well be 1000-fold the steady-shear value, leading to a tension at the junction on the order of 100 Pa. This tension relaxes as T ¼ T 0 expðÀt=s r;dex Þ. Growth of perturbations remains suppressed until T $ c=r 0 , where the cross-over point L T is given by
As the extensional viscosity only appears in the logarithm of a large number, it is not important to know the value very precisely. For typical experiments, we find that L T is of the order of a millimeter. From the full dispersion relation of Ref. 12 , we find that the transition from one regime to the next is quite abrupt, so we make little error by approximating that the upstream of L T , the growth of perturbations is essentially suppressed, whereas for distances downstream larger than L T , growth is unhindered by tension. We now discuss the growth rate as determined from Fig. 5(b) . We measured the amplitude drðtÞ of the perturbation with t ¼ z/U from the distance from the junction and U the centerline velocity. The amplitude increased exponentially with time over the range in which dr was 
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Geschiere et al. Biomicrofluidics 6, 022007 (2012) larger than one pixel and small enough do not exhibit the bead-string non-linear effects. From images recorded between 3 mm and 18 mm from the junction, the growth rate was directly calculated as x ¼ dlnðdr=r 0 Þ=dt % 1s À1 . We compare this measured growth rate with the theoretical prediction based on Eq. (1), x ¼ 90 s À1 . The difference is almost two orders of magnitude and cannot be explained by experimental error. Elastic tension in the line cannot explain the discrepancy between the theoretical value and the observed one. Indeed, previous account of the breakup of a viscoelastic jet in a Newtonian fluid shows that the growth rate is as predicted by linear theory after an initial delay. 39 We did observe the same delay for our ATPS system. Strikingly, theory consistently predicts a small increase in the growth rate, 4 whereas we observe the opposite.
One possible explanation for the observed slow growth is the thickness of the interface. Recent computational studies of free-boundary problems have proposed phase-field equations with diffuse interface models, based on the theory that goes back to van der Waals and Cahn and Hilliard. [40] [41] [42] For computational efficiency, numerical computations introduce a mesoscale interface thickness that is much larger than realistic for common fluid-fluid interfaces. The thicker interface invariably results in slower growth of interfacial instabilities, compared with sharp interface limits, and recent numerical schemes correct for this. 43, 44 Here, however, we know that the diffuse interface of an ATPS is much larger than that of an oil/water interface, at least of the order of the radius of gyration of the polymers, and this thick diffuse interface may explain the slow growth. Such an explanation has the advantage of explaining the lower growth rate, in agreement with the experiments, not a slightly higher one. It also agrees with the observation that the dextran thread readily breaks in hexadecane, where the interface will be sharp, but not in an aqueous PEG solution, where the interface will be diffuse. However, this hypothesis remains untested and is offered here only as a tentative explanation for the observations.
We now describe the effect of actuation amplitude on the growth. The amplitude in Fig. 5  was 12 .5 V, and the forced buckling died out under tension before it could grow. The decay of the perturbation occurs on a viscous time scale, 34 which we estimate as qðU=f Þ 2 =g dex , where the wavelength is based on the thread velocity U and actuation frequency f as (U/f). This actual decay time, by this estimate, is on the order of several microseconds for our experiments and increases with increasing voltage. The decay time for tension, however, is longer, on the order of 10 or 100 ms. In other words, provided the perturbations are small, they die out before they can grow. Figure 6(a) shows the amplitude drðtÞ of perturbations on the interface obtained by taking pictures at different distances from the inlets and measuring the amplitude as shown on the inset. Increasing the amplitude V of the voltage applied to the piezo disc yields larger perturbations at the mixing section such that the thread breaks closer to the inlet. Importantly, the growth rate is independent of voltage. Voltages smaller than those used in Fig. 5 moved the break-up further downstream by only 2-3 mm, indicating that the actuation is dissipated before the tension has relaxed. For higher voltages on the piezo-electric bending disc, however, the break-up occurs faster, but this is only due to a higher initial disturbance, not due to a faster growth. The inset in Fig. 6 shows how the initial amplitude (obtained by extrapolating the growth curve to t % 0:2 s, i.e., to the end of the region under tension) increases linearly with applied voltage above a threshold value and has a minimum value of several tens of nanometers below that. It is striking that this length agrees with typical thicknesses of ATPS interfaces. 45 Clearly, provided that the amplitude at the junction is large enough, the perturbations can outlive the viscous decay while the thread is under tension. It is this regime that is most useful for the production of monodisperse droplets.
Finally, downstream of the linear growth range, we find the typical beads-on-string pattern for viscoelastic fluids with the slow ultimate stage of breakup, which happens in Fig. 5(b) 28 mm downstream of the junction.
D. Long-time fate of the thread: Gravitational effects
The growth rates recorded in Figs. 5 and 6 were measured under conditions that the thread did not touch the walls before break-up, as verified by confocal images similar to that in Fig.  4(b) . In our ATPS, the density difference between the two dilute aqueous polymer solutions is small, Dq ¼ 25 kg=m 3 , such that the thread that was initially in the center of the channel does not sink quickly to the bottom of the channel. However, especially without actuation, the break-up time is so long that it competes with the settling time. In Fig. 7(a) , we show a micrograph of such a thread that touches the bottom wall far downstream of the cross junction. This stabilizes the thread, which runs from flow-focusing junction through the 160 mm long 
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Geschiere et al. Biomicrofluidics 6, 022007 (2012) microfluidic channel all the way to the exit without breaking. We measured how fast the thread settles by taking confocal scans at different distances z from the inlet as shown in Fig. 7(b) . From those scans, we could measure the height of the center of the thread h, which we plot as a function of the distance z in Fig. 7(c) . The thread slowly settles and touches the bottom roughly z ¼ 76 mm downstream of the inlet. The exact location where the thread touches the bottom depends on the thickness of the thread, as does the moment of breakup. For relatively thick threads (x > 0:4), we found that the thread always settled quicker than it breaks up, whereas for thin threads break up occurred before the thread touches the wall. From a practical point of view, the use of a mechanical actuator such as the piezo disc used in this work reduces the breakup length such that threads that would otherwise touch the walls can be broken up into droplets.
IV. CONCLUSIONS
We have shown that aqueous two-phase systems have much slower interface dynamics in comparison with Newtonian oil/water mixtures. Careful vibration-free experiments with controlled actuation of the flow into a microfluidic flow focussing device allowed direct measurement of the growth of the Rayleigh-Plateau instability. Our experiments show that the growth rate of perturbations of a confined thread is two orders of magnitude smaller than predicted by theory. Experiments with all-Newtonian fluids of similar viscosity and interfacial tension show that this is not caused by fluid properties. The large discrepancy between theory and experiment, therefore, can only be explained by interfacial properties. Indeed, the interface of an ATPS is much more complex than the interface between oil and water and hence has a dynamic response on its own account that will require further theoretical analysis, for which the present work gives crucial experimental data. Comparison with experiments where a viscoelastic jet flows inside a hexadecane jet shows that viscoelasticity of the fluids also does not account for this difference, but viscoelasticity does explain the initial dampening of perturbations. From a more practical point of view, the results of this work are useful in the design of microfluidic devices that use parallel streams or droplet flows to exploit the separation possibilities of aqueous two-phase systems.
